We examine the energy losses of a small black hole passing through the Earth, and in particular, the excitations created in the frequency range accessible to modern acoustic detectors. The dominating contributions to the effect are due to the coherent sound radiation of the Cherenkov type and to the conversion of black hole radiation into sound waves.
I. INTRODUCTION
Black hole is a body with an extremely strong gravitational attraction. Any object, if its distance from this body is smaller than some critical one (so-called gravitational radius r g ), cannot overcome this attraction: such an object moves to the black hole, but cannot move away from it. In other words, a black hole swallows everything sufficiently close to it (hence its name). The existence of black holes is predicted by general relativity.
Heavy black holes are an inevitable result of the evolution, compression of sufficiently heavy stars. There are direct observational evidences of their existence, in particular in some binary stars. One component of such a binary has a mass M > ∼ 3M ⊙ (M ⊙ is mass of the Sun). This component is a strong X-ray source. The only reasonable explanation of the observed effects is the gas accretion from the normal component to this one, which is a black hole.
Besides, detailed investigations of star motion in some galaxies (including ours) indicate that their nuclei contain superheavy black holes of mass M ∼ 4 × 10 7 M ⊙ . It can be demonstrated, however, that if the mass of a star is < ∼ 2M ⊙ , its gravitational field is insufficient to compress this star (with the radius of about 10 6 km) to its gravitational radius r g , which is of about few kilometers only. So, can light black holes exist?
Such black holes could arise at the early stages of the Universe evolution (this is why they are called primordial) when the matter density was very high, from inhomogeneities of this density. But which of these small black holes could survive since those times? The problem is their thermal radiation, a subtle quantum-mechanical effect. Its intensity is proportional to 1/M 2 . Thus, too light primordial black holes have already evaporated and disappeared due to this radiation. Estimates demonstrate that the masses of the survivors should not be less than 5 × 10 14 g. By common standards, such a mass of such a survivor is huge, but its size is tiny, r g ∼ 10 −12 cm. These objects have never been observed, though their existence does not contradict any known law of nature. As a step to study the possibility to detect the passage of such an object through the Earth (or some other planet, or the Moon), we discuss here the effects arising during this passage. Detailed account of the calculations, as well as the analysis of some other possible effects (perhaps, too tiny to be of importance for the problem), is presented elsewhere [1] .
II. COHERENT SOUND GENERATION BY A SUPERSONIC BLACK HOLE
We start with the dynamics of mechanical deformations and excitation of sound waves caused by the gravitational field of a primordial black hole passing through the Earth. It will be assumed that the velocity v of the black hole is comparable to that of the Earth, which exceeds the speed of sound in the matter c s .
Then the elastic gravitational scattering of a black hole in the matter results in supersonic sound radiation of the Cherenkov type with the total intensity Here G is the Newton gravitational constant, M is the mass of black hole, ρ is the density of matter, ω p = (4πGρ) 1/2 , k 1 is the maximum momentum transfer at which the scattering remains elastic; we assume that v ≫ c s .
In the case of large momentum transfers, k > k 1 , the matter can be considered as a collection of free particles. Then the scattering of the black hole reduces to that on a free particle. Thus obtained rate of inelastic energy loss by a black hole is
where a is the typical interatomic distance in the matter. Finally, the total rate of energy loss is
With the accepted logarithmic accuracy, this total rate is independent of the critical momentum transfer k 1 . On the other hand, for any reasonable choice of k 1 , the elastic energy loss dominates strongly, I el ≫ I inel . It is worth mentioning also that the logarithm in (3) is really large, about 35. An expression for I tot close to (3), but with a different logarithmic factor, was obtained previously by K. Penanen [2] .
To estimate the energy ∆E released by a black hole passing through the Earth, this rate should be multiplied by the time of the passage, τ = L/v. For numerical estimates we assume that the equilibrium density of matter is ρ = 6 g/cm 3 , the path L is about the Earth diameter, L ∼ 10 4 km, and the velocity of black hole is v ∼ 30 km/s. Then, for a black hole with mass M ∼ 10 15 g this energy loss constitutes about
Let us note that this energy is much smaller than that released at the explosion of a 10 kiloton atomic bomb
Besides, when comparing the energy released by a black hole (not only (4), but also other contributions to it considered below) with the energy of an atomic bomb, one should keep in mind that the source of ∆E bomb is practically point-like, while ∆E is spread along a path L ∼ 10 4 km. Of course, the energy released by a black hole is extended not only in space, but in time: it takes several minutes for the black hole to cross the Earth, but the release of energy in an atomic bomb or in an earthquake happens in much shorter time intervals. Of course, due to this extension of the effect both in space and time, it is much more difficult to detect the passage of a small black hole.
To discover a mini-black hole passing through the Earth, one has to study seismic vibrations induced by this passage. The sensitivity of appropriate seismic detectors is confined to the frequencies in the interval around ω min ∼ 0.1 Hz and ω max ∼ 10 Hz. As to the frequency distribution of the acoustic Cherenkov radiation, it can be demonstrated that with v ≫ c s and ω ≫ ω p , the result is
Thus, the energy of the vibrations excited in the frequency interval ω min ÷ ω max is
For the discussed frequency interval, 0.1 ÷ 10 Hz, it constitutes numerically
or about 1/10 of the total energy (4). Let us note that similar results hold for the energy losses of a mini-black hole in water, which could be of interest for the underwater cosmic-ray acoustic detectors. Of course, the underwater path L is much less than the Earth diameter, and the density of the medium changes here from ρ ≃ 6 g/cm 3 to ρ = 1 g/cm 3 . Though the typical frequencies propagating in water, both ω min and ω max , are much higher than those in the Earth, the value of ln ω max /ω min can be considered to be about the same to our accuracy.
III. CONVERSION OF BLACK HOLE RADIATION INTO SOUND WAVES
One more source of the energy transfer from a light black hole to the matter (though not its kinetic energy discussed above, but the internal one) is the black hole radiation. Of course, for our purpose we have to consider the emission of γ and e ± only (but not gravitons and neutrinos). Using the results of [3] , we obtain under the same assumptions (M ∼ 10 15 g, L ∼ 10 4 km, and v ∼ 30 km/s) the following estimate for the total radiation loss of such black hole:
The leading mechanism for the conversion of this radiation into sound waves is as follows. The radiation absorbed by matter increases the temperature along the path of the source. It results in the inhomogeneous and non-stationary thermal expansion of the matter and thus in the emission of acoustic waves. This effect permits of rather reliable theoretical analysis, which leads to the following equation for pressure [4] :
Here β = −1/ρ (∂ρ/∂T ) p is the coefficient of thermal expansion, C is the specific heat, and W is the power density. A black hole can be treated as a point-like source of radiation with intensity I, so that in our case W = Iδ(r − vt). In this way one can calculate the mechanical energy acquired by matter due to this thermal expansion. The result for the spectral intensity of thus induced sound waves is
The estimate for the maximum value Ω for the thus emitted frequencies looks as follows:
here r 0 is the typical absorption length for γ and e ± emitted by the black hole. In the present case r 0 is about 3 cm, so that Ω is much larger then the frequencies of interest. Curiously, this sound radiation occurs if v > c s . In other words, this is also a sort of Cherenkov effect.
The total energy radiated at the frequency ω, during the passage of a black hole through the Earth, can be conveniently written as
we go over in this expression from the intensity I of the black hole radiation to the total energy ∆E rad emitted during the passage through the Earth: ∆E rad = I L/v. The overall energy of the seismic waves generated by the black hole radiation, released in the frequencies ω < ω max is, according to (13),
With C = 1 J g −1 K −1 , β = 0.5 · 10 −4 K −1 , and ω max = 10 Hz, we obtain E ω m ∼ 1 J. So, this effect is much less than that of the Cherenkov sound radiation (8).
The situation changes essentially for the underwater effects. Here the admissible frequencies extend to about ω max = 30 kHz (which is already on the order of Ω), so that the conversion of the black hole radiation into sound waves gets about as effective as the Cherenkov sound radiation.
In conclusion, we wish to point out that though the effects of radiation damage contribute negligibly into the seismic signal, they can create quite a distinct pattern in crystalline material. The dose deposited is estimated as ∆E rad ρLr 2 0 ∼ 10 5 Gy ( 1Gy (Gray) = 1 J/kg ) .
It creates a long tube of heavily radiatively damaged material, which should stay recognizable for geological time.
